Biotinylated complementary DNA (cDNA) and RNA probes were prepared from a specific and highly conserved section of the foot-and-mouth disease virus (FMDV) genome coding for the RNA-dependent RNA polymerase. Hybridization was conducted on FMDV-infected, bovine enterovirus (BEV)-infected, and noninfected swine kidney cell cultures. The detection system utilized the enzyme system streptavidin-alkaline phosphatase, the substrate phosphate, and the chromogen nitroblue tetrazolium. Intense cytoplasmic granular staining was present at 2 and 4 hr postinfection (hpi), with less staining observed at 24 hpi. The staining was specific for FMDV, as indicated by a lack of staining of noninfected cells and BEV-infected cells. With the RNA probe, positive cells were detected up to the highest viral dilution assayed, which was approximately 96 TCID 50 . The cDNA probe was slightly less sensitive, detecting positive cells at lo-fold lower dilutions. This technique could prove useful in the diagnosis of foot-and-mouth disease in animals or in the detection of FMDV in biologics submitted for importation. APHIS,
Foot-and-mouth disease (FMD), caused by an aphthovirus (family Picornaviridae), is the most important disease of livestock in the world, both politically and economically. 14 It is extremely contagious and, when introduced into an area, can cause severe economic loss through lowered production and ensuing trade restrictions.' Any suspicious clinical disease in an FMD-free area must be investigated and diagnosed immediately to avoid the possibility of widespread contagion and losses. Countries that wish to remain free of the disease must exercise vigilant surveillance to ensure that foot-and-mouth disease virus (FMDV) is not introduced through importation of animals, animal products, or biologics. its products are well characterized. 4, 12 An RNA-dependent RNA polymerase is produced during active Hybridization of viral nucleic acids is becoming an increasingly useful technique for dignosis of viral infection? When used with nonradioactive probes, it allows for rapid, sensitive, and specific detection of certain nucleic acid sequences without the hazards associated with radioactivity. The FMDV genome and infection and is antigenically similar in all serotypes. 2, 5, 11 Tryptic peptide analysis of the polymerase reveals a high degree of similarity among the 7 serotypes, ll and nucleotide sequencing of this gene indicates it is perhaps the most conserved part of the FMDV genome with minimal variation among 3 serotypes (A, 0, C) examined. 3,l0,l3 This conservation would allow production of a molecular probe that could hybridize to all 7 serotypes of FMDV. In addition to being highly conserved among serotypes, the polymerase gene is also specific for FMDV with no hybridization of this fragment occurring with other picornaviruses, including bovine enterovirus (BEV), bovine rhinovirus, or poliovirus. 9 It was the aim of this study to investigate the use of biotinylated probes derived from the polymerase gene either as a DNA probe or as an RNA probe for detection of FMDV in cell cultures.
Materials and methods
From the Foreign Animal Disease Diagnostic Laboratory, USDA-seeded with IB-RS-2 clone DlO swine kidney cells. The characterization of IB-RS-2 clone D10 swine kidney cells as highly permissive cells for FMDV replication has been previously Preparation of infected cell cultures. Preparation of complementary DNA (cDNA) probe. A recombinant plasmid containing an FMDV-cDNA insert coding for part of the polymerase gene, designated pT274, was digested with PstI endonuclease to yield 3 nucleic acid fragments. 12 A fragment of approximately 0.5 kb, designated as 274M, was chosen for use as a probe because it was determined from nucleotide sequence data that it contained a highly conserved portion of the gene (R. McFarlane, personal communication). 10 The 274M fragment was isolated from a 0.7% low melting agarose gel and purified on an NACS prepak column, b followed by phenol-chloroform extraction and ethanol precipitation. The purified DNA was labeled by nick translation with biotin-7-dATP. Unincorporated nucleotides were removed from the labeled probe using quick spin co1umns. C,8 Labeled probe concentration was estimated by ethidium bromide fluorescence compared to plasmid pBR322 DNA as a standard. 8 Labeled probe was stored in siliconized microfuge tubes at -30 C.
Preparation of RNA probe. The 274M cDNA fragment was inserted into the PstI site in the polylinker region of a pGEM-3Z(f) plasmid vector d between the SP6 and T7 promoter regions. This recombinant transcription plasmid was used to transform Escherichia coli JM 109 by standard procedures. 8 A transformed colony was selected and grown in mass culture for recombinant plasmid amplification. Plasmid DNA (1 µg), isolated from cell lysates, was linearized with BamHI endonuclease. Using the SP6 RNA polymerase in the presence of biotin-1 l-UTP, b negative sense RNA transcripts were generated, which were used directly as probes without digestion of the DNA template. Crude RNA probe concentration was estimated by ethidium bromide fluorescence as compared to purified llama RNA standards. Labeled probe was stored in siliconized microfuge tubes at -30 C.
In situ hybridization-DNA probe. Slides were removed from 70% ethanol, washed briefly in double-distilled autoclaved water, and rehydrated in phosphate-buffered saline (PBS) with 5 mM MgCl 2 and 200 mM Tris, pH 7.4, and 100 mM glycine. Slides were placed in prehybridization fluid (1 M NaCl, 0.02 mM ethylenediaminetetraacetic acid [EDTA], 50% formamide, 10% polyethylene glycol, and 1% SDS) at 58 C for 30 min prior to hybridization. Forty nanograms of 274M biotin-labeled DNA probe and 100 µg of sonicated salmon sperm DNA were denatured at 100 C for 10 min, quick chilled, and suspended to 70 µ1 in prehybridization fluid. This hybridization solution was placed on the cell cultures, covered with a siliconized 24-mm x 50-mm coverslip, and sealed with nail hardener. e Hybridization occurred overnight at 58 C in a humidified chamber. The following day, cell cultures were washed in decreasing concentrations of SSC (150 mM NaCl and 15 mM sodium citrate, pH 7.0). Slides were dipped in cold 20% acetic acid for 15 sec to quench endogenous alkaline phosphatase activity and then equilibrated in buffer 1 (100 mM Tris-HCl and 150 mM NaCl, pH 7.5) for 1-2 min. Slides were incubated in streptavidinalkaline phosphatase c for 1 hr at 37 C and then washed 3 times in buffer 1. After a brief equilibration in buffer 2 (100 mM Tris-HCl, 100 mM NaCl, and 50 mM MgCl 2 , pH 9.5), slides were covered with chromogenic substrate solution (nitroblue tetrazolium salt and phosphate)" in buffer 2 and kept in the dark. Substrate development was stopped after 2 hr In situ hybridization-RNA probe. The protocol followed was basically the same as for the DNA probe with minor exceptions. Because the RNA probe was single-stranded, it was not denatured. Slides were hybridized with approximately 4 µg of probe and 20 µg of salmon sperm DNA suspended in 50 µ1 prehybridization fluid. Substrate development was stopped after 1 hr.
FA staining. Cultures were warmed to room temperature and incubated with fluorescein isothiocyanate-conjugated polyclonal bovine anti-FMDV serum (diluted 1:4 in PBS) for 30 min at room temperature. Cultures were rinsed 3 times in PBS and examined with an ultraviolet microscope.
Results
The DNA probe was hybridized with noninfected cell cultures, FMDV-infected cell cultures (4 and 24 hpi), and BEV-infected cell cultures (4 hpi). In both FMDV-infected cultures, there was positive staining of scattered cells in the wells inoculated with 10 3.98 TCID 50 and 10 2.98 TCID 50 but not in the wells inoculated with 10 1.98 TCID 50 FMDV. Positive staining was represented by distinct cytoplasmic granularity (Fig.  1 ). Compared to 4 hpi, at 24 hpi there were fewer numbers of cells that stained positively, and approximately 70% of the monolayer was disrupted by extensive cytopathic effects (data not shown).
The RNA probe was hybridized against noninfected cell cultures, 2-hpi FMDV-infected cell cultures, and BEV-infected cell cultures. At 2 hpi, there was dark cytoplasmic staining in an average of 10.75 cells/well at the highest viral dilution assayed (10 1.98 TCID 50 ). At the 2 lower dilutions, there were increased numbers of cells stained (Fig. 2) .
There was no staining in any of the BEV-infected cultures or the noninfected cultures with either probe (Fig. 3) . Cytopathic effects were observed in nonhybridized BEV-infected cultures at 2-3 days postinfection.
By FA staining, there was no fluorescence in any of the 2-hpi FMDV-infected cells, the BEV-infected cells, or the noninfected cells. At 4 hpi, there were scattered positively staining (2 + to 3 +) cells in the 10 3.98 TCID 50 and 10 2.98 TCID 50 FMDV-infected wells. By 24 hpi, there were numerous positive (4 +) cells at all dilutions of FMDV.
Discussion
Both the DNA and the RNA biotinylated probes of 274M were successful in detecting FMDV infection in cultured IB-RS-2 cells. The hybridization was specific, as determined by lack of hybridization when the probe was applied to noninfected and BEV-infected cell cultures. Although the intent of this study was not to compare the 2 probes, it was noticed that the RNA probe provided a much stronger and more sensitive signal. With the RNA probe, infection was detected at the highest dilution assayed, which represented an inoculation dose of 10 1.98 , or 96, TCID 50 . Wells inoculated with this dose had an average of 10.75 positively staining cells after hybridization. With the DNA probe, there was no staining at the highest dilution, but there were scattered positive cells at the 10 2.98 TCID 50 inoculation dose and numerous positive cells at the lowest dilution ( 10 3.98 TCID 50 ) assayed. The reasons for the apparent increased sensitivity obtained with the use of the RNA probe are probably multiple. First, the RNA probe was much more concentrated than the cDNA probe due to the method of preparation. Multiple RNA transcripts could be generated from a single linearized fragment (up to microgram quantities). Second, RNA-RNA hybrids have greater stability compared to DNA-RNA hybrids. Third, the RNA probe is single-stranded as compared to the double-stranded DNA probe. Double-stranded probes must be denatured prior to hybridization, and often strands will reanneal, decreasing sensitivity. A fourth possible reason is that the RNA probe was hybridized with 2-hpi cell cultures, whereas the DNA probe was hybridized with 4-hpi cell cultures. It may be that by 4 hpi, more of the viral nucleic acid is packaged by protein and, therefore, is unavailable for hybridization.
Although not hybridized in situ against all 7 serotypes of FMDV, the 274M probe would be expected to bind equally well to all. In this study, the probe was generated from serotype A 12 and hybridized successfully with serotype Asia 1. The highly conserved nature of the polymerase gene l0 implies that hybridization should occur with all serotypes. In slot-blot hybridizations, the 274M probe does hybridize with all serotypes of FMDV (Meyer, unpublished observations).
Staining was much more definitive and intense at 2 and 4 hpi compared to 24 hpi. This observation coincides with cell culture growth curves already established for FMDV. Production of infectious viral progeny begins at 2.5 hpi, peaks at 11.5 hpi, and decreases thereafter.' It would be expected that by 24 hpi most of the remaining virus would be in the extracellular fluid and unavailable for detection by in situ hybridization.
Compared with FA staining, the in situ hybridization technique detected FMDV infection earlier. With the hybridization technique, positive cells were clearly present at 2 hpi, whereas with FA staining, earliest evidence of infection was at 4 hpi.
The economic consequences of making an erroneous laboratory diagnosis of FMDV are enormous. A false positive could result in very expensive and needless quarantine, slaughter, and trade restrictions. A false negative could lead to FMDV becoming endemic and result in tremendous financial losses to the livestock industry. The current procedures used by the US Department of Agriculture to diagnose FMD in an animal or animal products include virus detection, virus isolation, and various serologic tests. If the submitted infected tissue contains a high level of virus, a complement fixation (CF) test, using the tissue as antigen, can provide a positive reaction within 2 hr. Such a circumstance of high virus concentration is rare. Otherwise, virus isolation is necessary. Cytopathic effects in cell culture occur at 24-48 hr after inoculation, and then virus is specifically identified using a CF test. Biological products are tested by virus isolation and/ or intradermal inoculation of bovine tongue. The latter requires 22 days to confirm that a sample is negative. In situ hybridization with the DNA and RNA probes could be used in concert with many of these tests to further increase the safeguards against making an erroneous diagnosis of FMD. A further benefit of the development of this FMDV probe could be in its application to animal tissues either for the diagnosis of FMD in a diagnostic tissue specimen or for examination of the pathogenesis of the disease in experimental animals.
